Abstract-This letter reports studies on highly strained and strain-compensated InGaAs quantum-well (QW) active diode lasers on GaAs substrates, fabricated by low-temperature (550 C) metal-organic chemical vapor deposition (MOCVD) growth. Strain compensation of the (compressively strained) InGaAs QW is investigated by using either InGaP (tensile-strained) cladding layer or GaAsP (tensile-strained) barrier layers. High-performance = 1 165 m laser emission is achieved from InGaAs-GaAsP strain-compensated QW laser structures, with threshold current densities of 65 A/cm 2 for 1500-m-cavity devices and transparency current densities of 50 A/cm 2 . The use of GaAsP-barrier layers are also shown to significantly improve the internal quantum efficiency of the highly strained InGaAs-active laser structure. As a result, external differential quantum efficiencies of 56% are achieved for 500-m-cavity length diode lasers.
I. INTRODUCTION
L ONG-WAVELENGTH (1.3 m) active regions grown on GaAs substrates have potential for temperature-insensitive performance due to the larger bandgap discontinuities than found in conventional InP-based structures. Several approaches have been used to achieve long-wavelength emission on GaAs substrates, ranging from the use of In(Ga)As quantum dots (QDs) [1] , InGaAs highly strained quantum wells (QWs) [2] , and InGaAsN QWs [3] .
Complexity in forming high-quality distributed Bragg reflectors (DBRs) on InP has caused the fabrication of longwavelength ( and m) InP-VCSELs to be challenging. The ease in forming high-quality AlGaAs-based DBRs on GaAs substrates, and the low-temperature sensitive active regions, makes long-wavelength ( and m) VCSELs on GaAs substrates an attractive alternative [4] . Another potential application for long-wavelength VCSELs, with emission wavelengths 1.2-m or longer, is to replace conventional 780-850-nm VCSELs for higher speed short-distance optical datalink application [5] .
In this letter, we report studies on highly strained InGaAsGaAs QW active region diode lasers, aimed to extend the emission wavelength toward 1.3 m. We try to extend the emission wavelength using two mechanisms. The first mechanism is by growing the active regions at low temperature (550 C). Previous studies have shown improvements in optical properties of low-temperature-grown highly strained epitaxial layers due to reduced dislocation density [6] , [7] . The second mechanism is by implementing strain compensation to increase the effective critical thickness of the InGaAs QWs [7] . The use of strain compensation reduces the effective strain of the highly lattice mismatched InGaAs QW, allowing longer wavelength emission to be achieved [7] . Previous studies have also reported the use of tensile strain barriers of GaAsP surrounding InGaAs QWs are effective in improving the carrier confinement to the QW for 0.98-m [8] and 1.06-m [9] diode lasers. Improvement of the carrier confinement in the QW will result in low-temperature sensitivity for threshold current and differential quantum efficiency. The studies reported here indicate that the inclusion of GaAsP tensile barriers surrounding the highly strained ( a/a ) InGaAs QW significantly improves the laser performance at m, resulting in low-threshold current densities (65 A/cm for m) and higher internal quantum efficiencies compared with uncompensated structures.
II. MOCVD GROWTH
All the laser structures studied here were grown by lowpressure (50 mbar) metalorganic chemical vapor deposition (LP-MOCVD). Trimethylgallium (TMGa), trimethylaluminum (TMAl), and trimethylindium (TMIn) are used as the group III sources, and AsH and PH are used as the group V sources. The dopants used here are SiH and dielthylzinc (DEZn) for the n-and p-dopants, respectively.
The separate confinement heterostructure (SCH) containing a highly strained InGaAs QW-active region is shown schematically in Fig. 1 . The n-cladding layer is composed of n-Al Ga As grown at a temperature of 800 C. The use of n-AlGaAs for the lower cladding layer is to represent the DBRs for our future long-wavelength VCSEL structures. An additional -In Ga P cladding layer, grown at 700 C, is used to enable us the possibility of incorporating the tensile-strained InGaP as a means of strain compensating the InGaAs active region. A thin -GaAs transitional layer is grown between n-AlGaAs and the -InGaP, so that the temperature ramping (800 C-700 C) is performed with GaAs on the top surface. The -GaAs confining layers and InGaAs QW are both grown at 550 C. We also employ a thin GaAs P transitional layer [10] to improve the interface between the InGaP and GaAs layers, which is evident from the improved photoluminescence (PL) intensity and reduced PL full-width at half-maximum (FWHM) of the structures with the transitional layers of GaAsP.
The use of p-InGaP, grown at 650 C, for the top cladding layer, is to enable us to avoid having to ramp up the temperature above 750 C, which would be required for the growth of a highquality p-AlGaAs cladding layer. In addition, the use of Al-free materials for the top cladding layer reduces series resistance, and simplifies the fabrication of regrown structures [12] .
III. DEVICE STRUCTURES AND PHOTOLUMINESCENCE STUDIES
All the diode laser structures studied here are similar to the basic structure shown schematically in Fig. 1 , which has an optical field overlap ( ) with the InGaAs QW of approximately 2.23%. The use of a single QW of 75-Å In Ga As results in an emission lasing wavelength of approximately 1.16-1.17 m. The peak wavelength of room temperature photoluminescence of all the structures is ranging from 1.150 to 1.158 m.
The first structure (sample A) is the uncompensated structure, as shown in Fig. 1 . This structure will be used for comparison purposes with strain-compensated structures. The FWHM of the room temperature PL is used to characterize the QW active region. For sample A, we measure a PL FWHM of 29 meV. In the second structure, sample B, we study is the use of a tensile-strained InGaP cladding layer as the mechanism to strain compensate the highly strained (2.5%) In Ga As QW. The structure itself is similar to that of sample A, only the -InGaP layer, grown prior to the GaAs confining region, is composed of 1900 Å of lattice-matched In Ga P and 750 Å of tensilestrained ( ) In Ga P. The tensile-strained ( 0.3%) In Ga P is grown closest to the GaAs confining region. The FWHM of the PL for sample B is measured to be 26.5 meV, slightly reduced from sample A.
The third structure (sample C) uses tensile-strained GaAsP barriers to strain compensate the highly strained InGaAs QW, similar to that reported by Choi et al. [7] for different structures. The barriers are formed by 100-Å-thick tensile-strained ( ) GaAs P layers on each side of the QW. Between the InGaAs QW and the tensile-strained barriers of GaAsP, 100-Å-thick GaAs transitional layers are used. Since the higher energy bandgap GaAsP layers closely surround the QW, they also enhance carrier confinement to the QW [9] . The FWHM of the PL for sample C is approximately 29 meV, slightly broadened compared to that of sample B. 
IV. LASER CHARACTERISTICS
The laser performance for the three different structures (samples A, B, C) are shown in Table I , as derived from length studies (see Fig. 2 ) on broad-area (100-m wide) oxide-defined stripe lasers. From the table, we can see that a slight improvement had been achieved by using the tensile-strained InGaP cladding layer (sample B) to strain compensate the InGaAs QW. Greater improvement may be possible with this structure by reducing the separation between the InGaP and the InGaAs QW. Sample C is found to have the lowest threshold current density and highest efficiency of all three structures. However, the internal quantum efficiency from all three structures is much lower than values obtained from lower strained ( m) devices [8] . The low internal quantum efficiency is the primary reason that samples A and B have an external differential quantum efficiency ( m) of only 29% and 33%, respectively. The rather high values for the characteristic temperature coefficients for the threshold current density ( ) and the differential quantum efficiency ( ) for diode lasers form samples A and B are anomalous. These high values of characteristic temperature coefficients may be attributed to a high defect density in the QW. Carrier recombination through defects in the QW may be less temperature dependent, unlike the carrier leakage rates, which are highly temperature dependent. If nonradiative carrier recombination through defects significantly contributes to the threshold current, then the threshold current of the laser diode will be less sensitive to any temperature changes.
To investigate the cause of the low internal quantum efficiency, a structure similar to that shown in Fig. 1 , was grown with a lower strain value ( ) for the QW, to ensure the critical thickness is not exceeded. This structure ex- Fig. 3 . Room temperature L-I curve under pulsed measurement with a pulsewidth of 6 s, for the InGaAs-GaAsP (sample C) diode laser with cavity length of 1500 m.
hibits similar values for internal quantum efficiency, indicating that the high strain is not responsible for low values obtained. However, the findings reported here are consistent with values reported by others [13] from similar active layer structures. Further studies are needed to investigate the low internal quantum efficiencies of these structures, although the low growth temperatures may be a factor.
The threshold and transparency current densities obtained from sample C are 70 A/cm and 50 A/cm , respectively, which are quite low compared to other published data [5] , [7] on similar structures. The inclusion of the GaAsP tensile barriers surrounding the QW may also improved the carrier capture in the QW, which is reflected in the improvement in the internal efficiency (61%). The highest differential quantum efficiency achieved for short cavity ( m) is approximately 56%. The low duty-cycle (0.1%) pulsed output power versus current characteristics ( -) are shown in Fig. 3 . for a 500-m-long device. The strong bending over of the -, as well as spectral measurements, indicates severe heating occurs as a result of a high device resistance [14] . Heating is less severe in long cavity devices ( mm), which have reasonably high values of (180 K). Similar bending in pulsed -curves has also been reported in previous publications [7] . The heating may be attributed to a highly resistive undoped GaAs confining region, presumably a result of the low temperature growth. A "soft" turn-on behavior was observed in the current versus voltage measurement of the devices. The differential series resistance of the devices is rather high (600 m ) compared to other published results (30 m ) [11] . These highly resistive GaAs confining regions could lead to low carrier capture efficiency, which results in a low internal quantum efficiency for the laser diode. The use of the GaAsP tensile-strained, high-energy bandgap barriers should increase the carrier capture, which will in turn lead to an increase the internal quantum efficiency.
V. CONCLUSION
We have demonstrated a very low threshold (65 A/cm , m) and transparency current (50 A/cm ) density diode lasers with an emission wavelength of 1.165 m. The external differential quantum efficiency (56%, m) is limited by low internal quantum efficiency. The inclusion of the GaAsP tensile-strained barriers, surrounding the QW, has been shown to improve the internal efficiency, presumably due to an improvement in carrier capture efficiency. Optimization of GaAs confining regions to reduce the device resistance is needed. The optimal values of strain and thickness of the GaAsP tensilestrained barriers also needs further investigation. Finally, implementation of the into strain-compensated InGaAs-GaAsP QW active region can be utilized to lead to high-performance long-wavelength (1.3-m) semiconductor lasers.
